A widely recognized difficulty of presently used methods for cDNA cloning is obtaining cDNA segments that contain the entire nucleotide sequence of the corresponding mRNA. The cloning procedure described here mitigates this shortcoming. Of the 105 plasmid-cDNA recombinants obtained per ,ug of rabbit reticulocyte mRNA, about 10%o contained a complete a-or P-globin mRNA sequence, and at least 30 to 50%o, but very likely more, contained the entire globin coding regions. We attribute the high efficiency of cloning full-or nearly fulllength cDNA to (i) the fact that the plasmid DNA vector itself serves as the primer for first-and second-strand cDNA synthesis, (ii) the lack of any nuclease treatment of the products, and (iii) the fact that one of the steps in the procedure results in preferential cloning of recombinants with full-length cDNA's over those with truncated cDNA's.
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The availability of complementary DNA (cDNA) copies of mRNA's provides an extremely powerful tool for analyzing the structure, organization, and expression of eukaryote genes (4, 5, 9, 10, 16, 19, 36, 38) . Aside from the utility of cDNA's for defining the initiation, coding, and termination sequences of mRNA's, their use as hybridization probes makes it possible to search for, isolate, identify, and characterize the corresponding genes from chromosomal DNA. Indeed, it was comparisons between cloned cDNA's and their genomic counterparts that uncovered the existence of intervening sequences (4, 5, 9, 19, 38) and splicing (37) and the occurrence of genomic rearrangements in the formation of functional immunoglobulin genes (3) . More recently, the cloning of cDNA copies of RNA virus genomes (e.g., vesicular stomatitis [32] , polio [22] , and influenza viruses [35] ) has opened the way to a more refined understanding of these viruses' structure, replication, and expression, as well as providing a simpler route for the development of antiviral vaccines (17) .
With present techniques for cDNA cloning (12, 31, 33, 42 ) the yield of recombinant DNAs that have full-length cDNA sequences, i.e., cDNA's containing the entire nucleotide sequence of the mature mRNA, is low. Generally, most cDNA clones contain 3'-untranslated and variable amounts of the protein-coding sequence; obtaining cloned cDNA's with complete 5'-untranslated and protein-coding sequences is rarer, particularly if the mRNA codes for a large protein (32, 35) . Although such truncated cDNA's are still useful as hybridization probes (15) , they cannot direct the synthesis of complete proteins after their introduction into bacterial or mammalian cells via appropriate expression vectors. Consequently, we have sought to devise a cDNA cloning method that increases the probability of obtaining recombinants with full-length cDNA inserts.
Presently, the initial cDNA copy of a mRNA is synthesized with reverse transcriptase (39) using as primer either oligodeoxythymidylate [oligo(dT)] annealed to the polyadenylate [poly(A)] tail (11, 18) or an oligonucleotide annealed to a complementary sequence in the body of the mRNA (36, 40) . The quality of the reverse transcriptase, the integrity and secondary structure of the mRNA, and the reaction conditions influence the length of the primary reverse transcript and, therefore, the completeness of the subsequently cloned cDNA. Second-strand synthesis is at best a poorly controlled step, since it relies on the ability of Escherichia coli DNA polymerase I (Poll) to use the initial reverse transcript as both a primer and template, the end result being a hairpin double-stranded DNA with the 5' end of the mRNA sequence in the form of a single-stranded loop of variable size and location (11) . S1 nuclease digestion of the singlestranded DNA loop, which must precede the addition of homopolymeric tails to the ends of the cDNA, invariably removes portions of the cDNA corresponding to coding or 5'-proximal portions of the mRNA. Several innovations, such as enrichment for the particular mRNA sequence prior to cDNA synthesis (6), fractionation of single-strand or double-strand cDNA to enrich for particular size classes (6, 10, 36) , or even alternative procedures for priming the synthesis of the second strand that eliminate the need for the nuclease digestion of 5'-proximal sequences (24, 33) , have improved the yield of full-or nearly full-length cDNA or at least produced cDNA's with intact 5'-proximal nucleotide sequences (24) .
Here we describe a modification in the cDNA cloning procedure that permits the recovery, in high yields, of plasmid recombinants with fullor nearly full-length cDNA inserts. The procedure uses a plasmid DNA vector which itself serves as the primer for first-and ultimately second-strand cDNA synthesis; moreover, one of the steps is designed to enrich for recombinants containing full-length cDNA's over those with truncated cDNA's. The procedure has been applied successfully to the cloning of full-length a-and P-globin cDNA's from rabbit reticulocyte mRNA. (41) . The dT-tailed DNA was further purified by adsorption and elution from an oligo(dA)-cellulose column as follows. The DNA was dissolved in 1 ml of 10 mM Trishydrochloride (pH 7.3) buffer containing 1 mM EDTA and 1 M NaCl, cooled to 0°C, and applied to an oligo (dA)-cellulose column (0.6 by 2.5 cm) equilibrated HIGH-EFFICIENCY CLONING OF FULL-LENGTH cDNA with the same buffer at 0°C. The column was washed with the same buffer at 0°C and eluted with water at room temperature. The eluted DNA (140 pLg) was precipitated with ethanol and dissolved in 100 p1 of 10 mM Tris-hydrochloride (pH 7.3) with 1 mM EDTA.
MATERIALS AND METHODS
The oligodeoxyguanylate [oligo(dG)]-tailed linker DNA was prepared by digesting 100 p.g of pBR322-SV40 (map units 0.19-0.32) with 120 U ofPstI endonuclease in 0.2 ml containing 6 mM Tris-hydrochloride (pH 7.4), 6 mM MgCl2, 6 mM 2-mercaptoethanol, 50 mM NaCl, and 0.1 mg of BSA per ml. After 1.5 h at 37C the reaction mixture was extracted with phenolCHCl3 and the DNA was precipitated with alcohol. Tails of 10 to 15 deoxyguanylate (dG) residues were then added per end with 60 U of terminal deoxynucleotidyl transferase in the same reaction mixture (50 p1) described above, except for 0.1 mM dGTP replacing dTTP. After 20 min at 3rC the mixture was extracted with phenol-CHCl3, and after the DNA was precipitated with ethanol it was digested with 50 U of HindlII endonuclease in 50 p1 containing 20 mM Trishydrochloride (pH 7.4), 7 mM MgCl2, 60 mM NaCl, and 0.1 mg of BSA at 37°C for 1 h. The small oligo (dG)-tailed linker DNA was purified by agarose gel (1.8%) electrophoresis and recovered as described above.
Preparation and ckoing of globin cDNA. Step VOL. 2, 1982 hydrochloride (pH 7.4), 7 mM MgC12, 60 mM NaCl, and 0.1 mg of BSA per ml and then digested with 2.5 U of HindIII endonuclease for 1 h at 37°C. The reaction was terminated with 1 ,ul of 0.25 M EDTA (pH 8.0) and 0.5 ,ul of 10%6 SDS, and, after extraction with phenol-CHC13 followed by the addition of 10 .1l of 4 M ammonium acetate, the DNA were precipitated with 40 ,ul of ethanol. The pellet was rinsed with ethanol and then dissolved in 10 ,ul of 10 mM Tris-hydrochloride (pH 7.3) and 1 mM EDTA, and 3 pl of ethanol was added to prevent freezing during storage at -20°C.
Step 4: CyclHzation mediated by the oligo(dG)-tailed linker DNA. A 1-,ul sample of the HindIII endonuclease-digested oligo(dC)-tailed cDNA:mRNA plasmid (0.02 pmol) was incubated in a mixture (10 pLl) containing 10 mM Tris-hydrochloride (pH 7.5), 1 mM EDTA, 0.1 M NaCl, and 0.04 pmol of the oligo(dG)-tailed linker DNA (this amount is a twofold molar excess over the quantity of the vector-cDNA:mRNA and of the fragment which remains as a result of the HindlIl endonuclease digestion in the previous step) at 65°C for 2 min, shifted to 42°C for 30 min, and then cooled to 0°C. The mixture (10 ,ul) was adjusted to a volume of 100 ,ul containing 20 mM Tris-hydrochloride (pH 7.5), 4 mM MgCl2, 10 mM (NH4)2SO4, 0.1 M KCI, 50 ,ug of BSA per ml, and 0.1 mM ,-NAD; 0.6 ,ug of E. coli DNA ligase was added, and the solution was then incubated overnight at 12°C.
Step 5 This mixture (104 p.1) was incubated successively at 12°C and room temperature for 1 h each to promote optimal repair synthesis and nick translation by Poll (23) . The reaction was terminated by the addition of 0.9 ml of cold 10 mM Tris-hydrochloride (pH 7.3), and 0.1-ml aliquots were stored at 0°C.
Step 6: Transformation of E. coli. Transformation was carried out using minor modifications of the procedure described by Cohen et al. (8) . E. coli K-12 (strain HB101) was grown to 0.5 absorbancy unit at 600 nm at 37°C in 20 ml of L-broth. The cells were collected by centrifugation, suspended in 10 ml of 10 mM Tris-hydrochloride (pH 7.3) containing 50 mM CaC12, and centrifuged at 0°C for 5 min. The cells were resuspended in 2 ml of the above buffer and incubated again at 0°C for S min; then, 0.2 ml of the cell suspensions was mixed with 0.1 ml of the DNA solution (step 5) and incubated at 0°C for 15 min. After the cells were kept at 37°for 2 min and at room temperature for 10 min, 0.5 ml of L-broth was added, and the culture was incubated at 37°C for 30 min, mixed with 2.5 ml of L-broth soft agar at 42°C, and spread over L-broth agar containing 50 jig of ampicillin per ml. After incubation at 37°C for 12 to 24 h, individual colonies were picked with sterile toothpicks.
Characterization of cDNA clones. (i) Colony hybridization and isolation of recombinant plasmids. E. coli transformants were screened for the presence of globin cDNA by in situ colony hybridization (15) . One hundred transformants were grown on three replica nitrocellulose ifiter disks, lysed with alkali, and hybridized with [32P]-cDNA synthesized by oligo(dT)-primed reverse transcription of reticulocyte mRNA. Alternatively, 32P-nick-translated a-globin or ,B-globin cDNA clones, which had been respectively constructed and identified in the present work or prepared previously (29) from pBG1 (10), were the globin cDNA probes; each of the cDNA's was removed from the vector by restriction enzyme digestions and isolated by agarose gel electrophoresis before use as hybridization probes. Colonies that gave positive hybridization signals were grown in L broth containing 50 p.g of ampicillin per ml, and their plasmid DNAs were isolated by standard techniques (21) .
(Hi) Restriction mapping. DNAs were digested with EcoRI, PstI, and Pvull, or AvaII restriction endonucleases under conditions recommended by the suppliers, and analyzed by agarose gel (1.5%) electrophoresis.
(iii) DNA sequencing. DNAs were digested with PstI endonuclease, incubated with E. coli alkaline phosphatase to remove the terminal phosphates, and terminally labeled with [y32P]ATP and polynucleotide kinase (26) . After digestion with EcoRI endonuclease, the 32P-labeled fragment containing the 5' end of the globin cDNA was purified by agarose gel (1.5%) electrophoresis and sequenced by the method of Maxam and Gilbert (26) .
RESULTS
Experimental details of the procedure for preparing and cloning cDNA's are presented above. Here we consider the rationale and several general features of the method and illustrate its application to the cloning offull-and nearly fulllength a-and P-globin cDNA's from rabbit reticulocyte mRNA.
Key features of the protocol (outlined in Fig.  2) are that (i) the plasmid vector DNA functions as the primer for the synthesis of the first cDNA strand, an innovation first introduced by Rabbitts (31); (ii) the full-or nearly full-length reverse transcripts of the mRNA are preferentially converted to duplex cDNA's and cloned as recombinants in E. coli in the subsequent steps; and (iii) nick-translation repair of the cDNA: mRNA hybrid, mediated by E. coli RNase H, E. coli Poll, and E. coli DNA ligase, is used to synthesize the second cDNA strand.
The vector-primer, a linear DNA with a poly(dT) tail at one end, was constructed as outlined in Fig. 1 Characterization of a-and 0-globin cDNA clones. To estimate the yield and identify the clones containing a-and ,B-globin cDNA, colony hybridizations (15) were performed on 100 randomly chosen bacterial transformants (Fig. 3) . Figure 3A , B, and C show that about 80% of the transformants contained recombinant plasmids with nucleotide sequences homologous to total reticulocyte cDNA, and 85% of these were accounted for by a-globin (50%) or ,B-globin (35%) cDNA derivatives. Presumably, the clones with cDNA inserts that failed to hybridize with a-or 3-globin cDNA contain nonglobin cDNA's.
A group of clones containing 21 a-or 12 1B-globin cDNA's were analyzed further by restriction enzyme digestions to determine the size of the cDNA inserts. The diagram in Fig. 4 summarizes the expected fragments based on the known restriction sites in the recombinant with a complete a-globin cDNA segment. Figure 5 presents the same information for recombinants with a complete (-globin cDNA segment. EcoRI endonuclease digestion of the a-and 3-globin cDNA recombinant DNAs revealed that 10 of 21 a-globin and 4 of 12 1-globin cDNA clones gave the expected sized fragment (shown by the position of the arrow) for a complete cDNA copy. Each of these plasmid DNAs (10 for ai-globin and 4 for 3-globin) was digested with PstI endonuclease to cleave at the reconstructed PstI restriction site adjacent to the oligo(dG:dC) join and with Pvull endonuclease to cleave the vector DNA sequence adjacent to the poly(dA:dT) join. All but 2 of the 10 clones, judged to contain nearly full-length a-globin cDNA by the EcoRI endonuclease digestion, contained these two restriction sites and yielded the predicted length fragment from a double digest; similarly, 3 ofthe 4 ,B-globin cDNA clones, judged to be nearly full length by EcoRI endonuclease cleavage, produced the expected sized fragnents after PstlPvuII endonuclease digestions. The fuzzy and heterogeneous bands seen in the PstI and PvuII endonuclease digests of a-globin cDNA clone 2 and j-globin cDNA clone 12 are probably due to heterogeneity in the poly(dA:dT) segment that arises during their propagation in E. coli. The eight putative complete a-globin cDNA clones also contain the two known Avall restriction sites, spaced to give the expected sized fiagment (Fig. 4) .
The 5'-proximal nucleotide sequences of the eight a-and three 3-globin cDNA segments were determined to establish the completeness of their cDNA's. After 32P labeling at the reconstructed PstI restriction sites adjacent to the oligo(dG:dC) join, about 120 nucleotides in each cDNA were sequenced by the Maxam-Gilbert method (26) (Fig. 6 and 7) . Each figure shows the determined cDNA sequence adjacent to the linker oligo(dG) segment and the known 5'-terminal nucleotide sequence of the corresponding globin mRNA. The nucleotide sequences distal to those shown here were identical to the already reported sequence for rabbit a- (18) and ,B-globin (10) cDNA's.
Two of the eight a-globin cDNA's contained all the nucleotides at the 5' end of the mRNA sequence, preceded by 14 or 26 dG residues of the oligo(dG:dC) linker. The other six lacked the first nucleotide at the 5' end of the mRNA Fig. 4 (ii) Selective cloning of complete or nearly complete cDNA copies of the mRNA's is necessary because the oligo (dC) tails needed to effect ring closure and complete second-strand cDNA synthesis are synthesized more efficiently by terminal transferase with substrates containing base-paired, full-length reverse transcripts than with shortened or truncated cDNA strands base-paired to longer mRNA's (34); (iii) Replacement of the mRNA by a second cDNA strand is effected by the actions of E. coli RNase H (to produce nicks and gaps in the RNA strand), E. coli Poll-mediated nick translation (to replace RNA with DNA sequences), and E. coli DNA ligase (to join the DNA fragments into the continuous second cDNA strand).
In this paper the procedure has been used to clone full-length rabbit a-and p-globin cDNA. However, the high cloning efficiency makes it feasible to isolate rare as well as abundant cDNA's from a variety of cellular mRNA populations. For example, a cDNA library containing 2 x 105 clones per jig of mRNA, made with mRNA from Chinese hamster cells, contained several clones that code for the 35,000-dalton subunit of adenine phosphoribosyl transferase, one of which contained a cDNA segment of 0.95 kilobases (kb) and is currently being sequenced to determine its structure (R. Axel, private communication). An analogous cDNA library from hamster cells (A29) that synthesize a methotrexate-resistant dihydrofolate reductase (14) contains cDNA clones whose lengths are sufficient to code for that enzyme (M. Dieckmann, H. Okayama, and P. Berg, unpublished data). In both of these cases the relevant mRNA's are estimated to be present in about 5 to 100 copies per cell. M. Ballivet, J. M. Lee, J. Patrick, and S. F. Heinemann have informed us (private communication) that, using this procedure, they have isolated full-or nearly full-sized cDNA clones that code for the 60,000-dalton subunit of the Torpedo californica acetyl choline receptor (20) ; moreover, Shigesada and Stark (private communication) have obtained a cDNA clone of about 6.5 kb from cell RNA containing the 7.9-kb CAD messenger (30) . The efficient production and nucleotide sequencing of nearly fulllength cloned cDNA's has also facilitated the characterization of normal and aberrant splicing patterns in their corresponding mRNA's (S. C. Clark, M. C. Nguyen-Huu, H. M. Goodman, and P. Berg, unpublished data). Additional studies to establish the efficiency of this cloning Ours and other approaches for cloning cDNA's (and genomic DNA as well) are clearly limited by the ability to detect particular cDNA's; currently, nucleic acid hybridization (6, 10, 31, 36) or functional assays for the mRNA (16) are the sole means to identify specific cDNA clones. The relatively high yields of cDNA's with a complete protein coding sequence offers another alternative, namely, the identification or even selective propagation of cDNA clones on the basis of the product or function they express. By appropriate choice of the vector-primer and linker DNAs we are exploring the construction of recombinants that can express the cloned cDNA's directly in either bacterial or mammalian cells.
